The spectrum of four-times ionized strontium has been observed in the 2 5 0 0 -2 0 0 A range. About 650 lines have been classified as transitions between 95 odd levels belonging to the 4 s 4 p 5 , 4 s 1 4 p 3 5 s , 6s, 4 d and 5d configurations and 43 even levels belonging to the 4s'4p4, 4s'4p35p, 4 f and 5f configurations. The observed level structure has been interpreted by means of Hartree-Fock calculations and parametric fits. It is suggested that a systematic discrepancy between observed and predicted positions of the 3S term in p 3 d configurations is due to Rydberg-series configuration interaction.
Introduction
The quadruply ionized strontium atom, Sr4+, is isoelectronic with neutral selenium. The ground configuration of SrV is 4s24p4 while the lower excited configurations are 4s4p5, 4s24p34d and 4s24p35s. The first study of this spectrum was reported in 1974 by Hansen and Persson [ 13,  who reported the levels of the ground configuration and the 4s4p5 configuration.
The present study is based on an observation of the slidingspark spectrum of strontium in the 9800-200 A range. About 650 Sr V lines have been classified as transitions between 95 odd levels belonging to the 4s4p5, 4s24p35s, 6s, 4d and 5d configurations and 43 even levels belonging to the 4s24p4, 4s24p35p, 4f
and 5f configurations. For all configurations but 4f and 5f the observed energylevel structure has been compared with the results of theoretical calculations including configuration-interaction effects. In the 4f and 5f configurations only the ' F terms have been established.
Experimental
The strontium spectrum was excited in a sliding-spark discharge [2] . The fifth spectrum was well developed at a peak value of the discharge current of 1000 A.
No Sr V lines could be identified above 2500 A. In the 2500-430A range the spectrum was recorded on a 3 m normalincidence spectrograph [3] having a plate factor of 2.77 A mm-' in the first diffraction order. A 5 m grazing-incidence spectrograph [4] was used to photograph the spectrum in the 500-200 A range. The plate factor of this instrument varies from 0.62 Amm-' at 500 A to 0.42 A mm-' at 200 A.
The wavelengths and intensities of all classified Sr V lines are given in Tables I and 11 . The intensity figures are visual estimates of photographic density. The uncertainty in the wavelength determinations in the normal-incidence region is 0.02 A above 2000 A and 0.01 A below this limit. In the grazing-incidence region the measured wavelength values are accurate to 0.005 A.
However, very few impurity lines useful as reference lines are present on the grazingincidence exposures, and in some wavelength regions, in particular for the shortest wavelengths, Sr V Ritz standards (see below) had to serve as complementary reference lines.
All experimentally established SrV levels are given in Tables111 and IV. The level values of the 4p3n1 states were determined using a least-squares procedure which takes the observed wavenumbers, weighted according to their estimated uncertainty, into account. The internal consistency of the 4p3nl level system is estimated to be f 0.2 cm-' . Many downward transitions from 4d and 5s states were observed in higher diffraction orders of the normal-incidence spectrograph, thus providing an accurate determination of the excited configurations relative to the ground configuration. On an absolute scale the level values are correct to k 1 cm-'. From these level values it is possible to calculate accurate wavelengths for the transitions from the levels of the 5s, 6s, 4d and 5d configurations to the levels of the ground configuration. These calculated wavelengths, which are given in the last column of Table 11 , are accurate to 0.003 A around 6 0 0 8 and to 0.0005 A around 220 A. Calculated wavelengths of about the same precision have previously been reported for Sr I11 [2] and Sr IV [5] . Table V is a compilation of the proposed strontium reference lines.
Analysis
When establishing the energy levels we were guided by theoretical predictions of the structures of the configurations. The predictions were obtained by diagonalizing the energy matrices with appropriately scaled Hartree-Fock (HF) values for the energy parameters. (All HF calculations have been performed with the Froese-Fischer computer program 161.) For the odd configurations effects of configuration interaction were taken into account by treating the 4s4p5 + 4s24p3 (nd + (n + 1)s) configurations together.
The analysis started by using the levels of the ground configuration [ 11 to establish J = 0-3 levels of the odd configurations. These odd levels were then used to locate the levels of the 5p configuration which, in turn, were used to extend the 4d, 5d, 5s and 6s levels to higher J values. Figure 1 shows the relative positions and extensions of the investigated configurations. Almost all levels of the 4s24p4, 4s4p5, 4s24p35s, 6s, 5p, 4d and 5d configurations have been experimentally established, whereas in the 4f and 5f configurations only levels based on the 4S parent term have been located.
The coupling conditions in all investigated 4s24p3nl configurations of SrV show an intermediate character and the choice of coupling scheme is more or less arbitrary. For the sake of conformity we have chosen to use the LS coupling scheme throughout this report. the 265 000-275 000 cm-' range posed some difficulties. In particular, the level at 265 179 cm-', identified as ('0) 4d 3S1, was observed far above the position predicted by diagonalizing the 4s4p5 + 4s24p3(4d + 5s) matrix. Even in a least-squares fit the deviation between observed and calculated positions of the 3SI level remained large, over 3000 cm-' . The calculated eigenvector composition showed the level to have about 90% 3S1 character. Parallel to the Sr V analysis the isoelectronic Rb IV spectrum was also investigated [7] . It was found that in RbIV the observed position of the ('0)4d3S1 level is also far above the calculated position. Artru and Kaufman [8] reported a similar observation when theoretically interpreting the 2s22p33d configurations of NaIV, MgV and AlVI. Persson and Di Rocco found that the discrepancy was also present in Ne111 [9] . In the 2s22p33d configurations the discrepancy increases from around 700 cm-' in Ne 111 to more than 2000 cm-' in A1 VI.
In an attempt to account for the seemingly systematic perturbation of the 3S1 term in p3d configurations Rydbergseries interaction, i.e., configuration interaction of the form n1-n'l, was taken into account. This type of interaction is discussed by Cowan [ I O ] and applied to the interpretation of pnl configurations in, for example, C1 I1 [ 1 1 1 and Xe I1 [ 121. Special care has to be taken when Rydberg-series interactions, e.g. 4p3nd * 4p3n'd, are to be included in the theoretical interpretation of an observed level structure [ l o , 121. In principle single-particle matrix elements and electrostatic matrix elements involving closed subshells contribute to the interactions. When the radial wavefunctions are solutions of the HartreeFock equations it can be shown that these two types of integrals cancel each other in the closed subshells. One possible approach for the shell 4p3 is to let the one-particle integrals cancel the Coulomb term r:R; (4pnd, 4pn'd) and make corrections to the diagonal elements of the configuration-interaction block of the coefficient matrix for R: (4pnd, n'd4p) difference from the interactions within a single configuration is that there is no configuration interaction analogue of Eav (Ri is set equal to zero). This can be seen as a consequence of Brillouin's theorem for the spherically averaged Hartree-Fock method which states that the "configuration-average" interaction is zero.
Inclusion of the 4d * 5d interaction contributes to a substantial improvement of the fit to the 4d levels. However, to balance the repulsion on the 5d levels from 4d levels we have also included the experimentally unknown 6d (and 7s) configurations in the final fit. Thus, the energy matrix used is the 4s4p5 + 4s24p3(4d + 5d + 6d + 5s + 6s + 7s) matrix including configuration interaction between all configurations involved
In the least-squares fit the distance between the centres of gravity of the experimentally unknown 6d(7s) configuration and the Sd(6s) Configuration was set approximately equal to the difference in total energies of the two configurations according to a Hartree-Fock calculation. All configuration-interaction parameters were kept fixed at predetermined values in the final fit. Most of them were fixed at their Hartree-Fock values. This is true for all 4s4ps * 4s24p3ns, s * s' and s * d integrals. It was not possible to achieve convergence in a least-squares fit in which both the 4s4p5 * 4s24p3nd and the nd 0 n'd configuration-interaction integrals were treated as adjustable parameters. Therefore these two sets of parameters were optimized in different calculations in an iterative procedure. Furthermore the ratios between corresponding integrals, (e.g., R1(4p4d, ~3 1 .
' .-, 5d4p), R1(4p4d, 6d4p) and R1(4p5d, 6d4p)), were kept fixed at their Hartree-Fock ratios, Taken together this means that only four fully adjustable parameters have been introduced to account for all interactions.
The level distribution in the 4d + 5s and 5d + 6s configurations is shown in Figs. 2 and 3 . The observed positions of the nd levels are indicated by fully drawn lines whereas the positions of the ns levels are indicated by dashed lines. Table VI gives the results of the least-squares fit of the energy parameters to the observed levels as described above. The resulting parameter values are given in Table VII. A fit to the 4s4p5 + 4s24p3(4d + 5s) levels gives a mean error of the order of 800cm-' while in a corresponding fit to the 4s4p5 + 4s24p3(5d + 6s) levels the mean error is approximately 250 cm-'. A fit to the 4s4p5 + 4s24p3(4d + 5d + 5s + 6s) levels neglecting the Rydberg-series interactions gives a mean error of about 500 cm-' with, evidently, the major part of the error arising in the 4d configuration. This latter number should be compared with the mean error in the final fit including series interaction (Tables VI and VII) which amounts to 39 1 cm-' .
One reason for including the Rydberg-series configuration interaction in the theoretical interpretation was the large discrepancy between the observed and calculated positions of the ('D)4d 3S1 level. This discrepancy decreases from over 3000 cm-' to less than 1000 cm-' by the inclusion of the series interaction. Simple perturbation calculations indicate that relative term shifts of the order of 4000cm-' might occur as a result of the series interaction. However, it seems difficult to completely disentangle the large specific discrepancy of the 3S1 level. It might be related to the size of the G'(4p, 4d) energy parameter (which gives a large diagonal contribution to the energy of the 3S state). In a calculation neglecting the series interaction the fitted value of G' is 55 300 cm-' (scaling factor 0.76) whereas in the final fit G ' has increased to 60400cm-' (scaling factor 0.83). This increase in G' roughly corresponds to the improvement in the fit to the 3S, level.
It appears that those 4d terms that have the largest diagonal g l -G ' matrix elements, namely ('P)' The second largest discrepancy between observed and calculated level values in the 4d configuration in a single-configuration calculation is found for the ( 2 D ) ' S~ level (the corresponding discrepancy is also present in Rb IV [7] ). This discrepancy is not affected by the inclusion of the 4d 0 5d interaction. This is not surprising in the light of the discussion above: the ('0)'s state is not only relatively unaffected by the series interaction but also, unlike the (2D)3S state, has only a minor diagonal g l . G ' (4p, 4d) matrix element.
To ensure that the reduction of the mean error of the leastsquares fit including the Rydberg-series interaction is not only a consequence of the improved fit for the ('D)4d3S term another set of calculations was performed in which the 3S1 level was excluded from the fit. Also in this case the introduction of the series interaction contributes to a substantial reduction in the mean error, from about 420 cm-' to about 350 cm-', i.e., to an improvement of the overall fit.
One specific consequence of the introduction of the series interaction is that the designations of the two accidentally closelying levels at 291 678 cm-' (('D)4d IF3) and 291 836 cm-' (('D)5s 3D3) become interchanged. According to Table VI the levels are heavily mixed whereas a calculation neglecting the series interaction identifies the lower level as an almost 100% pure ('D)Ss 3D3 level. Although this latter result is in agreement with an "experimental" classification based on combination properties we have chosen to retain the classifications according to the series-interaction calculation. The reason for the ambiguity should not be considered as a deficiency in the seriesinteraction calculation as such (when using HF values for the series-interaction integrals the levels are "correctly" identified) but rather as a more general problem in least-squares fits to observed structures involving close-lying levels belonging to different configurations.
Even configurations
The ground configuration has been discussed in detail previously [ 11. Figure 4 shows the level distribution in the 4s24p35p configuration while the results of fitting the energy parameters to the observed levels are given in Table VIII . The fitted parameter values compare well with HF values (Table IX) .
The results given in TablesVIII and IX are from a singleconfiguration calculation. Inclusion of the effective configuration-interaction parameter, a, results in a slightly better fit than the one quoted, the mean error decreasing from 171 to 165 cm-'. The 4s24p4 * 4s24p35p interaction does not seem to have any major influence on the level distribution in the 5 p configuration.
The average purity of the 5p levels in the LS coupling scheme is 70%. It appears that the true coupling conditions in the 5p configuration are best approximated by the LS scheme. However, for several levels the largest eigenvector component is less than 50%.
The (4S)4f5F levels have been determined from combinations with 4d in the 540 A range. The centres of gravity of the 4s24p34f and 4s4p44d configurations are estimated to be roughly coincident. Consequently the two configurations will interact strongly, making an extended analysis of the 4f configuration very complicated. The (4S)5f ' F levels given in Table 111 have been determined from combinations with both 4d and 5d. However, based on quantum-defect arguments the identification of the levels as 5f levels is somewhat questionable.
Ionization energy
The ionization energy of SrV has been estimated from a comparison of the quantum defects in the ns and nd series of SrV and SrIV. The value obtained is 570000 f 5000cm-'. This value of the ionization energy leads to a reasonable value of the quantum defect for the (4S)4f ' F term but to a too small quantum defect for the (4S)5f ' F term. As already pointed out this observation casts some doubt on the identification of the even levels around 458 000 cm-' as (4S)Sf ' F levels. Intensity  and shape   10  18  18  18  20  15  18  20  20  18  30  30   18   35  18  20  20  20  50  35  18  20  18  20  15  50  35  25  25  20  25  20  9  12  20  20  9  7  10  9  25  18  40   12  10  3 IS, 3PI -(4s)5s 3s' Mean error of the least-squares fit U = [ -Ecalc)'/(N -P)] "' = 171 cm? with N = 28 known levels and P = 7 adjustable parameters. 
